We present a facile strategy to synthesize bulk hierarchical porous Pd materials (BHPPd) with pores ranging from a few nanometers to tens of micrometers through chemical dealloying of porous PdAl intermetallics. Owing to the small surface diffusivities of Pd atoms, the pore/ligament size of BHPPd did not coarsen remarkably as the concentration of HCl aqueous solution increases. Thermal stability properties of BHPPd materials at different temperature ranging from 673 to 1073 K were evaluated. BHPPd materials show superior thermal stability, whose bicontinuous interpenetrating ligament-channel structure can be maintained even after being annealed at 1073 K for 30 min. Such properties can be attributed to less defects and less-noble metal residues. Moreover, compression properties of BHPPd materials were also investigated.
Introduction
Nanostructured Pd has been used as active materials in many fields such as hydrogen isotopes separation [1] , hydrogen storage and purification [2] , catalysis [3] , sensing [4, 5] , and electrochemical actuation [6, 7] . Recently, dealloying method was developed as a simple and effective way to fabricate nanoporous metals, which refers to the selective dissolution of less-noble components out of a precursor alloy and combined with aggregation of more-noble elements via surface diffusion [8, 9] . For instance, nanoporous Pd with fine pore/ligaments can be fabricated by the aforesaid dealloying method [10, 11] . However, early investigations of nanoporous Pd mainly focused on the synthesis of porous metals films or powder with homogeneous pore size distributions, whereas bulk Pd-structure with hierarchical pours is poorly studied. Bimodal porous metal materials have many industry applications [6, 12] , for which pores often play key roles; thus it is of great technical significance to understand the stability of bulk porous bimetals.
In the literature, Qi and Weissmüller reported the synthesis of bulk metals with a hierarchical microstructure by electrochemical dealloying and annealing strategy [13] . Du et al. provided a convenient method to prepare micro/nanoporous metal materials by Gasar process and then chemical dealloying [14] . Cox and Dunand introduced a facile technique to fabricate hierarchical porous bulk gold materials with macro-, micro-, and nanoporosity, which were, respectively, formed by salt replication, gas expansion, and dealloying method [15] . However, these techniques are complicated and make it difficult to obtain open pores and/or free-standing bulk nanoporous materials. A novel method was reported for the fabrication of porous TiAl alloys by the Kirkendall effect, with pore size distribution controlled readily from micrometers to nanometers [16] . Thus, hierarchical porous bimetals can be obtained through chemical dealloying of porous intermetallics fabricated through Kirkendall effect.
Here, we demonstrated that such a two-step strategy, Kirkendall fabrication followed by chemical dealloying, can be employed to fabricate bulk Pd-structures with hierarchical pores, namely, BHPPd. Thermal stability of BHPPd was further investigated by heat treatment in flowing Ar environment at various temperature. In addition, compressive properties of BHPPd were also investigated.
Experimental
Al powder (>99.9%, ∼2 m, ST NANO, China) and spongy Pd (>99.95%, ∼30 m, Northwest Institute for Nonferrous Metal Research, China) were utilized as raw materials in this work. Pd and Al powders with the atom ratio of Pd : Al = 2 : 8 were blended in acetone and then dried at room temperature. The compact discs were prepared by cold pressing with = 200 MPa for 15 s. Subsequently, the green compacts were sintered in a silica tubular furnace with a temperature of 873 K for 4 h under Ar atmosphere. The heating rate was set to 2 K/min in order to maintain the original shape of the compact discs, with porous PdAl intermetallics prepared. Porous PdAl intermetallics were then immersed in HCl aqueous solution at room temperature to fabricate BHPPd materials. The as-dealloyed samples were rinsed with distilled water and dehydrated alcohol. To investigate the effect of temperature on the microstructure of BHPPd materials, the as-dealloyed samples were annealed at 673 K, 873 K, and 1073 K in the flowing Ar environment, respectively.
Field-emission scanning electron microscope (Hitachi S4800) and transmission electron microscope (FEI Tecnai G2 F20 S-TWIN) were utilized to characterize the microstructure of prepared materials. X-ray diffractometer (XRD, DX-2000) with Cu K radiation was utilized to record the X-ray diffraction patterns (XRD) of samples. Surface areas of the resultant BHPPd materials were measured by a N 2 adsorption apparatus. Average ligament diameters were then measured from the FE-SEM images of more than 100 ligaments by Image J software. Furthermore, differential scanning calorimetry (DSC, Mettler Toledo) was performed on the as-dealloyed BHPPd materials under constant Ar flow with a standard Pt pan container. The sample mass was 6.668 mg. The heating rate was 20 K/min and the maximum temperature was 1300 K. The compressive strength tests were carried out through an Instron mechanical testing machine (Instron 4302) with a crosshead speed of 0.5 mm/min. At least three specimens were tested for each sample. Figure 1 shows XRD patterns of porous PdAl intermetallic and their asdealloyed samples. As shown in Figure 1 (a), the porous PdAl intermetallic exhibits typically diffraction peaks of PdAl 3 and Al, confirming that the prepared PdAl intermetallics consist of PdAl 3 and Al phase. From Figures 1(b) and 1(c), only Pd phase can be detected, suggesting that PdAl 3 phase can be fully dealloyed in HCl solution. Figure 2 shows microstructure of porous PdAl compacts before and after sintering. As shown in Figure 2 (a), it can be observed that Pd particles were dispersed distribution in the Al matrix after the mixing. From Figure 2 (b), porous structures were formed after sintering due to the Kirkendall effect, being similar with the fabrication of porous TiAl [16] . Figure 2 (c) shows the optical image of porous PdAl compacts before (A) and after (B) sintering. The original shape of green compact can be maintained after sintering. Additionally, the color of the green compact becomes white gray. On the contrary, the color of porous PdAl compact after sintering is dark gray, indicating that new phases were formed. Combining XRD analysis and microstructure observations, we can conclude that porous PdAl intermetallics were successfully prepared.
Results and Discussion

Characterization of BHPPd Materials.
FE-SEM images of the as-dealloyed porous PdAl intermetallics are shown in Figure 3 ; bulk hierarchical porous Pd materials (BHPPd) with both larger pores of tens micrometers (Figures 3(a) and 3(c) ) and smaller pores of a few nanometers (Figures 3(b) and 3(d) ) can be observed. The larger pores come from original pores of PdAl intermetallic structures, which can be tailored by changing the content and particle size of Al [16, 20] . The smaller pores were obtained by dealloying of PdAl 3 phase. Specifically, dealloying mechanism of PdAl alloy is that less-noble Al can be selectively dissolved, and then more-noble Pd atoms were aggregated to form nanoporous Pd [21] . The prepared porous PdAl intermetallics are mainly composed of PdAl 3 compound, which can be eroded in HCl solution. Afterward, the remaining Pd atoms were rearranged to form nanoporous structure. EDS pattern shown in the inset image in Figure 3(d) shows that only Pd element can be detected in the resultant samples. With the combination of XRD results mentioned above, it was confirmed that BHPPd materials with high purity were fabricated. Moreover, it is interesting to note that the Journal of Nanomaterials Journal of Nanomaterials pore/ligament size of BHPPd did not coarsen obviously and even the concentration of HCl aqueous solution increased from 0.1 M to 0.5 M (Figures 3(b) and 3(c) ), which can be attributed to the small surface diffusivities of Pd atoms [21] . Figure 4 shows TEM images of BHPPd after being dealloyed in 0.1 M HCl solutions. As shown in Figure 4 Figure 5 shows FE-SEM images of BHPPd materials after being annealed at various temperature for 30 min. From the images, bicontinuous interpenetrating ligament-channel structure of BHPPd materials can be observed. Moreover, it is worth noting Nanoporous Pd Ar Nanoporous Au Air Nanoporous Ag Ar Nanoporous Ag vacuum Nanoporous Pd Ar (Present study) [17] , nanoporous Au (annealed at air atmosphere) [18] , and nanoporous Ag (annealed at Ar atmosphere and vacuum) [19] were also shown for comparison.
Thermal Stability Properties.
that ligament/pore of BHPPd slightly coarsens even after being annealed at 1073 K for 30 min, suggesting high stability property. Hakamada and Mabuchi reported that both pore size and ligament size of nanoporous Pd, prepared by electrochemical dealloying PdCo alloy, were significantly increased after annealing treatment. The average ligament size of nanoporous Pd after being annealed at 773 K is 180 nm [17] . These phenomena were often called thermal coarsening, as observed in nanoporous materials such as Au [22] . Tuning the ligament size and pore size distribution of porous materials by thermal coarsening can lead to the optimization of their application performance [23] [24] [25] . However, for the application in high temperature environment, thermal coarsening may cause the degradation of properties [26, 27] .
Relationship between annealing temperature and ligament size of annealed BHPPd materials is shown in Figure 6 . Results of other reports were also shown for comparison [17] [18] [19] . Nanoporous Pd (annealed at Ar atmosphere) [17] and nanoporous Au (annealed at air atmosphere) [18] were unstable at high temperature, whose ligaments coarsen remarkably as increment of annealing temperature. As a contrast, nanoporous Ag (annealed at Ar atmosphere and vacuum, resp.) [19] and present BHNPPd materials show excellent thermal stability.
According to the previous reports, thermal stability properties of nanoporous metal can be affected by the following factors such as gas species and original pore structure [27] [28] [29] [30] [31] . For instance, Kuwano-Nakatani et al. reported that nanoporous Au were significantly coarsening in both air and chemically active diatomic gas (N 2 and O 2 ), but not in vacuum and inert monoatomic gas (Ar) [30] . Our annealing treatment was carried out under Ar atmosphere, similar with Hakamada and Mabuchi's study [17] , but different thermal coarsening performance was found, so the thermal stability of BHPPd in the present study may attribute to other factors, as discussed below.
Pore diameter is also identified as an important factor to determine the thermal stability of nanoporous noble metals [28] . For instance, nanoporous Pd with larger and more regular mesopores are stable than that with pore size below a critical diameter of 4-7 nm range at high temperatures [28] . Figure 7 shows the DSC result for the BHPPd materials, a broad exothermal peak was detected at approximately 550 K. The exothermal peak represents recovery-like process or recrystallization during annealing process [18] . In our study, the start pore/ligament size of BHPPd is smaller than that of Masataka's study, and it also has a high BET area of ∼55 m 2 /g according to Nitrogen adsorption test. Such extraordinarily large surface area and fine pore of the BHPPd seem to be beneficial for the thermal coarsening.
Electrochemical dealloying of PdCo alloy was utilized to prepare nanoporous Pd in Hakamada and Mabuchi's study, which may result in the formation of large amount of microstructure defects with respect to corrosion-free case [17] . As microstructure defects can promote the thermal coarsening, we did not observe large amount of microstructure defects in the BHPPd materials prepared in this study (as shown in Figure 4(b) ), which should be one reason for the observed superior thermal stability.
Earlier, nanoporous Au has been synthesized through the dealloying of solid solution Au-Ag alloy through a phase separation process (also called spinodal decomposition) at the solid-electrolyte interface [8, 32] . The concentration of more-noble component should be below the parting limit [33] . As a result, less-noble components such as Ag and Co can be retained in the resultant nanoporous metal after being dealloyed [2, 34] . The Ag residue is preferred for the ligament coarsening of nanoporous Au in annealing process by modifying the surface diffusivity of Au atoms [35, 36] . Ligament sizes of nanoporous Au increase from 160 to 246 nm after heat treatment at 573 K, depending on the resident Ag content [35] . Co impurities also can be propitious for the thermal coarsening of nanoporous Pd [2] . For intermetallics, less-noble element rich phase can be fully dealloyed [37] . In this study, the porous Pd intermetallics consist of PdAl 3 and Al phases, as clarified by XRD, which can be fully dealloyed in HCl solution. Thus, the absence of less-noble elements (Al in this case) after dealloying may affect the thermal stability properties of nanoporous Pd, which will be further investigated in the future study.
Compression Properties.
Mechanical properties for porous Pd materials are very important for their engineering application where service gas or liquid flow is concerned [38] . Compression stress-strain curves of BHPPd materials are shown in Figure 8 . The as-dealloyed BHPPd has a very low yield strength of 0.56 MPa. The annealed BHPPd samples have an improved yield strength of 1.23 MPa after being annealed at 1073 K. Annealing method was developed as a facile technique to enhance the mechanical properties of nanoporous materials [13, 15] . Bulk porous Au with hierarchical porosity annealed at 873 K shows good compressive strength than the as-dealloyed one [15] . After being annealed at a relative high temperature, however, ligament diameter is remarkably increased, leading to a reduction in surface area and surface curvature [15] . The present BHPPd materials show preferable good thermal stability, which opens the door to obtain strong BHPPd without dramatically degradation of the porous structure.
Conclusion
In summary, BHPPd materials have been fabricated by Kirkendall effect combined with dealloying method. Due to the small surface diffusion rate of Pd, the pore/ligament size of BHPPd did not coarsen remarkably as the concentration of HCl aqueous solution increased. BHPPd materials also show excellent thermal stability, which can be potentially utilized in related high temperature environment. The main causes for good thermal stability of BHPPd can be attributed to less microstructure defects and little less-noble element residue. Moreover, annealing treatment can improve the compression strength of BHPPd, with a compressive strength of ∼1.23 MPa achieved after annealing at 1073 K.
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